We present a new method that allows rapid determination of allele frequencies at loci exhibiting length polymorphism. In this method a fluorescence-labeled PCR primer is used to amplify the polymorphic region from pooled DNA samples originating from a large number of individuals. The fluorescent PCR products are separated by gel electrophoresis on an automatic DNA sequencer and the relative amount of the PCR products are determined. The distribution of the PCR products obtained from the alleles present in the pooled samples directly corresponds to the allele frequency in the population in question. The allele frequencies at a short tandem repeat locus in the yon Willebrand factor gene and at the DIS80 locus were determined in the Finnish population. We found that the allele frequencies determined by quantitatire analysis of PCR products from pooled DNA samples and by analyzing individual samples were in good agreement.
Analysis of polymorphic dinucleotide repeat, (~) short tandem repeat (STR) (z) or variable number of tandem repeat (VNTR) regions (3) of the human genome have proven to be highly useful in forensic identification and in genetic linkage studies of human diseases. The polymorphic alleles can be conveniently identified with the aid of the PCR (4) using primers flanking the repeated core unit. The amplified alleles are detected most commonly after gel electrophoretic size separation by using autoradiography, staining with ethidium bromide, (s'6~ or silver nitrate. (7) A fluorescent label can also be introduced into the amplification product by mediation of the PCR primer, which allows the alleles to be detected during the electrophoresis with a fluorescence detector. (8-~~ The statistical interpretation of the results of forensic and linkage analyses requires information on the population frequency of the specific alleles at each locus analyzed. To determine accurately the allele frequencies at loci revealing multiple alleles, a large number of samples in the population of interest have to be analyzed.
Here, we introduce a new general approach that allows rapid determination of the allele frequencies at loci exhibiting length polymorphism. The method is based on amplification of the polymorphic region from a pooled sample containing DNA from a large number of individuals using a fluorescence-labeled PCR primer. The PCR products synthesized from each allele are separated and quantified using an automatic fluorescence sequencing instrument. The distribution among the PCR products obtained from the alleles in the DNA pool corresponds well to the frequencies of the alleles in the population sample.
In the present study we applied this method to determine the Finnish allele frequencies at a STR locus in the von Willebrand factor gene (VWA) on chromosome 12 (~) and at the DIS80 (MCT118) VNTR locus on chromosome 1. (s) At the VWA locus the polymorphism is caused by a tetranucleotide repeat unit. At the D1S80 locus, where the polymorphism is the result of a 16-bp tandem repeat unit, a distribution of 15 alleles has been reported previously in the Finnish population. ~]2)
MATERIALS AND METHODS

DNA Samples
Batches of leukocytes, which had been used previously in the production of interferon-a (1~) were obtained from the Finnish Red Cross Blood Transfusion Service. Each batch originated from 400 ml of blood from a known number (between 90 and 200) of donors living in the capital region of Finland. DNA was purified from an aliquot of each leukocyte batch according to a standard method. (14) The concentration of the DNA was determined by measuring the absorbance at 260 nm. The DNA isolated from the leukocytes was combined into larger pools, taking into account the number of individuals in each batch, to yield four pools containing an equal amount of DNA from 1350, 690, 1100, and 180 individuals, respectively. DNA was also purified from individual blood samples, ~14~ which had been sent for disputed paternity analysis to the National Public Health Institute, Helsinki, Finland.
Primers
The primers for amplification of the VWA locus were those described by Kimpton et The primers were synthesized on an Applied Biosystems 392 DNA synthesizer. The 5' ends of the upstream VWA and the downstream D1580 primer were fluorescence-labeled during the synthesis using the FluorePrime reagent (Pharmacia LKB Biotechnology AB). The primers were used without purification.
PCR
One hundred (30,000 molecules), 10 (3,000 molecules), or 1 ng (300 molecules) of DNA was amplified using 20 nmoles of the four dNTPs, 100 pmoles of each primer, and 2.5 units of Taq DNA polymerase (Promega Biotech) in 100 I~l of 50 mM Tris-HC1 (pH 8.8), 15 mM (NH4)2SO 4, 1.5 mM MgCl2, 0.1% Triton X-100, and 0.01% gelatin. The PCR was initiated with a "hot start" by first heating the samples for 5 min at 95~ followed by the addition of the Taq DNA polymerase at 80~ Thirty PCR cycles of 1 rain at 95~ 1 min at 58~ and 1 rain at 72~ were carried out with the VWA primers, and 30 cycles of 1 min at 95~ 1 min at 65~ and 5 rain at 72~ were carried out with the D1S80 primers.
Quantitative Analysis of the PCR Products
The fluorescent PCR products were separated on 6% denaturing polyacrylamide gels using an automatic DNA Sequencer (A.L.F., Pharmacia LKB Biotechnology AB). Between 0.25 and 5 i~l of the PCR products were analyzed after denaturation at 95~ for 3 rain in 50% formamide containing blue dextran. The samples were run at 1500 V for 3 hr (VWA) or 8 hr (D1580) at 40~
The relative amount of PCR product obtained in each sample was determined with the aid of the A.L.F. DNA Fragment Manager V1.0 program, kindly provided to us by Per Johan Ulfendahl and Margareta Degerman (Pharmacia LKB, Molecular Biology Systems Division, Uppsala, Sweden).
Amp-FLP Analysis
The individual DNA samples were typed by the amplified fragment length polymorphism (Amp-FLP) technique ~7~ using vertical polyacrylamide gels and staining with silver nitrate as described previously. ~12~
RESULTS
The method described here is based on quantitative analysis of PCR products obtained from alleles varying in length. Because the efficiency of the PCR can be expected to depend on the size of the amplified allele, we first determined the relative amount of the two PCR products obtained from the DNA of six heterozygous individuals with different combinations of the VWA alleles. In these samples the two alleles differed in size by from 1 to 6 tetranucleotide repeat units, and the size of the PCR products varied between 150 and 180 bp. Comparison of the amount of PCR product from both alleles in each sample showed that the efficiency of the amplification of the alleles is independent of their size difference ( Table 1 ). The amount of DNA (100, 10, or 1 ng) subjected to the PCR did not affect the allele distribution (data not shown).
The alleles at the VWA locus were then amplified from three pooled samples containing an equal amount of DNA from 1,350, 690 and 1,100 Finnish individuals, respectively, and the amount of PCR product obtained from each allele in the pooled sample was determined. Figure 1 shows the result of the electrophoretic separation of the alleles amplified from the sample containing DNA from 1100 individuals as registered by the fluorescence detector of the sequenc- ing instrument. The area of the peaks in the curve reflects the relative amount of PCR product from each allele. Figure 2 shows the allele frequencies obtained by determining the area of the peaks in each curve. Similar allele distributions were obtained from the three samples. The same result was obtained when 100, 10, or 1 ng of the pooled DNA was amplified (data not shown).
We also determined the allele frequencies at the VWA locus from 100 individual samples using the Amp-FLP technique. The allele frequencies determined from individual and from pooled leukocytes were in good agreement (Table 2). Table 3 shows the distribution of the PCR products obtained by amplification of the alleles at the D1S80 locus from DNA of eight heterozygous individuals with different allele combinations. Contrary to the result at the VWA locus, at the D1580 locus we found that the smaller allele was amplified more efficiently than the large one in all samples, but the difference in efficiency was small for alleles that differed from each other by only one 16-bp repeat unit. The amount of DNA (100 or 10 ng) subjected to the PCR did not affect the result (data not shown).
Because the amplification efficiency did not vary significantly between adjacent alleles, we proceeded to determine the allele frequencies at the D1S80 locus from two pooled DNA samples representing 690 and 180 individuals, respectively. Figure 3 shows the electrophoretic separation of the alleles amplified from the samples containing DNA from 690 individuals. Table 4 corn- pares the allele frequencies determined from the pooled samples to those determined previously in the Finnish population from 140 individual samples by the Amp-FLP technique. (12) The correlation between the two methods is good, even though a tendency toward higher frequencies of the smaller alleles and lower frequencies of the larger alleles in the pooled samples can be noticed. Two rare alleles observed in the individual samples remained below the detection limit in the pooled samples.
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DISCUSSION
We describe a novel strategy to determine the allele frequencies in the population at loci exhibiting length polymorphism. We used quantitative analysis of PCR products obtained from pooled DNA samples representing a large number of individuals to determine the allele frequencies at two loci. This approach greatly simplifies the determination of allele frequencies because the same information that is obtained by analyzing hundreds of individual samples is obtained in one or a few reactions. One disadvantage of our method, compared with analysis of individual samples, is that the distribution of genotypes in the population can only be deduced by assuming that the marker conforms to Hardy-Weinberg expectations. In this study the relative amounts of the amplified alleles were determined by fluorescence detection using an automatic DNA sequencer. The PCR products are labeled by mediation of a fluorescent primer, and consequently, each molecule of PCR product carries one molecule of label. Contrary to the detection of PCR products by staining gels with ethidium bromide or silver nitrate, where the signals depend on the size of the ampli- aMean value of the frequencies given in Fig. 2 , 3140 individuals are represented in the pools. bResults from 100 individual samples.
fied fragment, the result of the fluorescent quantitative analysis is obtained as the molar distribution between the alleles.
At the VWA STR locus, where the alleles differ in size by only a repetitive tetranucleotide unit, and the size of the PCR products range from 150 bp to 180 bp, the method gave an accurate estimate of the allele frequencies as compared with the allelic frequencies determined from 100 individual samples. At the D1S80 locus, where the alleles differ by a 16-bp repeat unit and the size of the PCR products vary from 430 to 750 bp, we found that the smaller alleles were amplified slightly more efficiently, and, as could be expected the difference in PCR efficiency depended on the difference in size between the alleles. Despite this, the correlation between the allele frequencies determined from the pooled samples and those determined by analyzing individual samples was acceptable.
More efficient ("preferential") amplification of smaller VNTR alleles has been encountered particularly at the D17S30 (YNZ22) locus, (6'16) where the size difference between the alleles is large (70 bp). It has been suggested that this problem can be avoided by raising the molar ratio of the Taq DNA polymerase to the template DNA during the PCR. O6) We have also found that loss of the larger YNZ22 allele can be avoided by decreasing the amount of DNA template subjected to the PCR (A. Sajantila, M. Lukka, and A. C.
Syvanen, unpubl.). In this study we
found that the amount of DNA template subjected to PCR did not affect the relative distribution between the amplified alleles in the range tested at the VWA or D1S80 locus. The sensitive quantitative determination of PCR products using a DNA sequencer is a useful tool for further studies of the factors that affect the (12) efficiency of the PCR at loci exhibiting length polymorphisms. From a practical point of view, an advantage of detecting PCR products by silver staining is that a lower efficiency of the amplification of larger alleles is compensated by more efficient staining of them. If scanning of silver-stained gels would be applied to determine allele frequencies from pooled samples, an overestimate of the frequency of larger alleles could be expected.
Our results showed that STR alleles differing in size by a tetranucleotide unit are amplified with equal efficiency, which indicates that STR markers with short alleles may be the markers of choice for PCR-based DNA typing. On the other hand, when using markers having a repeated core unit of only two nucleotides, a frequently encountered problem in PCR-based typing is artifactual amplification products one or two repeat units smaller in size than the actual allele. These artifacts may account for a substantial proportion of the PCR products and, thus, hamper the DNA typing. In such cases, our method of determining allele frequencies from pooled samples would be difficult to apply. When analyzing individual samples at the VWA locus, we observed a small amount of PCR product one repeat unit smaller than the real alleles, but the amount of this product never exceeded 5%. When amplifying pooled samples we repeatedly obtained a small amount (<0.8%) of product one repeat unit smaller than allele 1 (Fig. 1) . This was interpreted as being a PCR artifact but may also represent a rare allele.
In conclusion, we have devised a rapid procedure for determination of the population frequencies of alleles at polymorphic STR or VNTR loci. The number of reported polymorphisms in the human genome is increasing rapidly at present. Therefore, this convenient method to evaluate the informativity of new markers to be applied to forensic identification or genetic linkage studies in a particular population should be highly useful.
